Using the revised Tao-Perdew-Staroverov-Scuseria (revTPSS) metageneralized gradient approximation, a computationally efficient semilocal functional, we studied the desorption energies of the molecule CO on the (111) surfaces of transition metals as well as the surface energies and lattice constants of the underlying transition metals. Due to its ability to distinguish single-orbital regions from regions of high orbital overlap, revTPSS improves all three properties over the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation. No generalized gradient approximation matches this performance, which has been regarded as unreachable by semilocal approximations. The adsorption of carbon monoxide on transition metal surfaces has been the subject of many studies. Together with hydrogen adsorption and dissociation, it is often regarded as a classical benchmark for experimental and theoretical surface science techniques. Among theoretical techniques, the Kohn-Sham density functional theory (KS-DFT), 1 which describes surfaces and adsorbate structures on the atomic scale, is one of the most popular. The accuracy of KS-DFT is dependent on the choice of exchange-correlation functional, the only approximated part of the method. In a now-classic paper, Feibelman et al.
Using the revised Tao-Perdew-Staroverov-Scuseria (revTPSS) metageneralized gradient approximation, a computationally efficient semilocal functional, we studied the desorption energies of the molecule CO on the (111) surfaces of transition metals as well as the surface energies and lattice constants of the underlying transition metals. Due to its ability to distinguish single-orbital regions from regions of high orbital overlap, revTPSS improves all three properties over the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation. No generalized gradient approximation matches this performance, which has been regarded as unreachable by semilocal approximations. The adsorption of carbon monoxide on transition metal surfaces has been the subject of many studies. Together with hydrogen adsorption and dissociation, it is often regarded as a classical benchmark for experimental and theoretical surface science techniques. Among theoretical techniques, the Kohn-Sham density functional theory (KS-DFT), 1 which describes surfaces and adsorbate structures on the atomic scale, is one of the most popular. The accuracy of KS-DFT is dependent on the choice of exchange-correlation functional, the only approximated part of the method. In a now-classic paper, Feibelman et al. 2 studied the CO molecule adsorbed on the Pt(111) surface and found that the Perdew-Wang (PW)91 and Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) functionals fail qualitatively to predict the site preference of CO adsorption on the Pt(111) surface, standing the CO molecule carbon-down on the fcc hollow site rather than on the top site observed experimentally. Since then, almost all five rungs of the Jacob's ladder of density functional approximations 3 have been tested for this puzzle, 4-8 except for the metageneralized gradient approximation (MGGA) rung.
Although the site-preference problem is a significant issue, there is a more troublesome dilemma 5 : Semilocal density functionals have a general tendency to underestimate surface energies and to overestimate chemisorption energies. Modifying the semilocal functional can apparently correct one of these properties but not both, implying that reliable surface reconstructions could not be predicted together with accurate desorption energies from a computationally efficient semilocal functional. However, this dilemma has only been demonstrated for the semilocal functionals at the local density approximation (LDA) and GGA levels. It can be avoided by climbing to the MGGA level, as suggested in this study by using the nonempirical revTPSS MGGA. 9 The ab initio calculations presented here were carried out using the VASP code with projector augmented wave 10 (PAW) potentials in the implementation of Kresse and Joubert. 11 Adequate kinetic energy density was provided for MGGA's, and a plane-wave cutoff energy of 500 eV was used. As trends are the main focus of this study, all metals were considered in the fcc structure, although Ru crystallizes in the hcp structure. Adsorption at the top and fcc hollow sites was considered for Cu, Pd, Ag, and Pt, whereas for Ru and Rh the top and hcp hollow sites were considered. In each case, the hollow site considered was the one preferred by revTPSS. The supercell for the system consists of periodic sixlayer slabs with c(2 × 4) in-plane periodicity, a CO molecule adsorbed on one side of the slab, and a vacuum space of about 10Å. The CO molecule is relaxed along with two adjacent metal layers for each functional implemented selfconsistently, including the revTPSS MGGA. 12 For Brillouinzone integrations, symmetry-reduced -centered 8 × 8 × 1 grids were used. For the sake of clearer discussion and figures, we show the desorption energy E des = E(CO) + E(surface) − E(CO + surface) = −E ads , where E ads is the adsorption energy. Figure 1 (a) plots the calculated surface energies versus the calculated atop desorption energies for CO on Pt(111) and Rh(111) surfaces. It shows that, with increasing surface energy, the desorption energy increases as well, the same dilemma observed by Schimka et al. 5 for semilocal functionals at the LDA and GGA levels. Results from the LDA, 1, 13 and from the GGA's PBE, 14 the PBE for solids 15 (PBEsol) with a diminished gradient dependence, 16 and the revised PBE (rPBE) for desorption energies 17 lie roughly on straight lines. However, the semilocal revTPSS MGGA lies off the straight lines and closer to the experimental values, yielding excellent surface energies and fairly good desorption energies. Obviously, the revTPSS MGGA has already stepped out of the dilemma that was believed to hold for all semilocal functionals.
Semilocal approximations of the form
require only a single integral over real space and so are dramatically less expensive than nonlocal functionals, e.g., the PBE0 (Refs. 18 and 19) and Heyd-Scuseria-Ernzerhof (HSE)03 (Ref. 20) hybrid functionals and the random phase approximation (RPA) in a density functional context, 21 which involve a double integral over real space. In Eq. (1), n = n ↑ + n ↓ is the electron density and τ σ = i |∇ψ iσ | 2 /2 is the positive kinetic energy density; all equations are in atomic units. Since all the calculations considered here are spin unpolarized, the spin will be suppressed in the following discussions. The LDA (Refs. 1 and 13) uses only the ingredient n and is exact for a uniform electron gas. LDA is a reasonable functional for properties of extended systems (e.g., lattice constant and surface energy), but unacceptable for properties (e.g., atomization energy and desorption energy) of confined systems where the electron densities are more inhomogeneous and further away from the uniform electron gas.
GGA's (Refs. 14, 15, and 17) add the ingredient ∇n and improve over LDA the properties of confined systems. The enhancement factors of different exchange functionals, defined as F x = e x /e unif x , where e unif x = −3(3π 2 n) 1/3 /4π is the exchange energy per electron of a uniform electron gas of density n, are shown in Fig. 1(b) as a function of the reduced density gradient s = |∇n|/[2(3π 2 n) 1/3 n], a measure of inhomogeneity. The exchange enhancement factor F x is 1 in LDA and monotonically increases with s in GGA's. The larger the enhancement factor of a GGA, the more preference the GGA has toward inhomogeneity. To cure the unacceptable LDA overestimation of desorption energies, the enhancement factor must be increased. Then, the inability of GGA to distinguish between the same reduced density gradient in different regions inevitably results in the reduction of surface energies, which leads to the straight lines in Fig. 1(a) . Therefore, in the LDA and GGA world, the best that a functional can do is to be at the projection of the experimental point on the line.
However, by adding the ingredient τ , MGGA's, e.g., the revTPSS in Fig. 1(b) , can distinguish single-orbital regions (α = 0) from orbital-overlap regions (α 1), 22 and thus have the potential to describe well both confined and extended systems. Here, α = (τ − τ W )/τ unif , where τ W = |∇n| 2 /8n is the von Weizsäcker kinetic energy density and τ unif = n(3/10)(3π 2 n) 2/3 is the orbital kinetic energy density of the uniform electron gas. For a slowly varying density (τ ≈ τ unif and τ W τ unif ), α approaches 1, where, as does PBEsol, revTPSS restores the second-order gradient expansion for exchange over a wide range of densities. However, for a oneor two-electron density (τ = τ W ), where α = 0, revTPSS has a larger enhancement factor than for α = 1. Thus, revTPSS shows less preference than does PBEsol for the overlapping of electron orbitals usually involved in molecular formation and certainly involved in the adsorption of CO, as explained below. Indeed, Fig. 1(a) shows that revTPSS yields surface energies slightly better than its underlying PBEsol GGA and at the same time reduces the overestimation of desorption energies from the PBEsol to the PBE level or better.
The revTPSS MGGA also manifests its ability to distinguish single-orbital regions from orbital-overlapped regions in the density of states (DOS) of CO adsorbed on Pt(111). A common model to describe CO adsorption 5, 25 invokes resonant interactions of the two CO frontier orbitals, the occupied 5σ (which, in the isolated molecule, represents a loosely bound lone pair on the carbon atom, directed away from the oxygen atom) and the unoccupied 2π * , with those metal orbitals that lie close to them in energy. Bonding and antibonding 5σ -metal orbitals develop in a broad band, the center of which is shifted below the occupied 1π CO orbitals. The broadened antibonding orbitals are partly shifted above the Fermi level, causing a net bonding interaction with electron donation to the metal. Similarly, bonding 2π * -metal orbitals become partly populated, with back donation. Both processes strengthen the adsorption. Simple symmetry tells us that the highly directional 5σ -metal interaction is particularly strong for atop adsorption, while the 2π * interaction dominates for hollow-site adsorption.
26 1π denotes the lowest degenerate pair of bonding π orbitals, and 2π * the lowest degenerate pair of antibonding π orbitals. Figure 2 shows the DOS of different semilocal functionals projected onto the nearest four surface Pt atoms and onto the CO molecule, adsorbed atop a Pt atom on Pt(111). At the GGA level, the d-band width in the weakly overlapped range between 0 (the Fermi level) and −6 eV decreases and the d-band center moves up toward the Fermi energy from PBEsol to PBE and then to rPBE, in order of increasing exchange enhancement factor. The DOS projected onto the CO molecules shown in Fig. 2(b) is less sensitive to the choice of GGA. This results in the decrease of the desorption energies from PBEsol to PBE then to rPBE, since a narrower d band implies a weaker overlap with the 5σ and 2π * orbitals. The revTPSS MGGA recovers the PBEsol to a large extent for a slowly varying density and thus delivers almost the identical d band and slightly better surface energy compared to PBEsol. However, revTPSS shifts down the 1π as well as 5σ and shifts up the 2π * of the CO molecule compared to PBEsol, resulting in weaker net bonding between the two frontier orbitals of CO and the metal orbitals, thereby reducing the overestimation of the desorption energy. For the considered GGA functionals, the PBEsol lattice constants and surface energies (green lines) are best with relative errors in lattice constants less than 1% for each transition metal and with errors in surface energies less than 0.25 eV/u.a., while the rPBE desorption energies (blue lines) are the most accurate except for the Ag surface, where CO is incorrectly predicted to desorb spontaneously with error 0.3 eV. The PBEsol desorption energies are unacceptably high, while rPBE predicts too large lattice constants and too low surface energies. PBE turns out to be the most balanced GGA, delivering values for these three properties with errors between those of PBEsol and rPBE. Due to reasons already mentioned, the revTPSS MGGA delivers similar lattice constants and slightly better surface energies compared to PBEsol, and at the same time improves the desorption energies over PBEsol to the PBE level or better. This suggests that, for all the properties considered here, which are important to surface science, the revTPSS MGGA outperforms PBE, the most popular GGA. Ours is the first demonstration that MGGA's can give accurate surface energies for real materials, as for jellium. 9 However, the revTPSS MGGA does not predict the correct adsorption sites for CO adsorbed on Cu, Rh, and Pt (111) surfaces, as shown in Fig. 3(c) , putting CO on the high- coordination hollow site rather than on the top site observed experimentally. The quantitative error is not large, but the qualitative error remains. There have been efforts to correct this error by using nonlocal functionals. Stroppa et al. 4 applied the hybrid GGA's PBE0 (Refs. 18 and 19) and HSE03 (Ref. 20) to this CO/Pt(111) puzzle and showed that climbing the ladder from GGA's to hybrid GGA's does not necessarily improve the desorption energies and site preference. The PBE0 and the range-separated hybrid GGA HSE03 improve the predicted site preference over PBE, but still not enough to predict the right adsorption site. Furthermore, the desorption energies predicted by these two hybrid GGA's are even higher for both sites than those of PBE, and thus even further away from the experimental results. The Becke-3-Lee-Yang-Parr (B3LYP) hybrid GGA (Refs. [29] [30] [31] [32] predicts the right adsorption site and accurate desorption energies, 8 but it fails to predict accurate lattice constants and surface energies, as does its underlying BLYP GGA. 33 Schimka et al. 5 found that RPA, 21 a nonlocal functional on the highest rung of Jacob's ladder, delivered correct adsorption sites with accurate desorption energies as well as accurate surface energies and lattice constants for the underlying transition metals. The good performance of RPA might suggest that the CO/Pt(111) puzzle is nonlocality-related, although the nonlocality in this problem is not large. However, the computational load for RPA is dramatically heavier than for semilocal functionals. The revTPSS MGGA delivers overall very respectable performance at about 1% of the computational cost of RPA. This work confirms that revTPSS is the workhorse functional for condensed matter physics (or at least for surface science) that it promised to be.
